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Abstract
Background: Waardenburg syndrome (WS) is a genetically heterogeneous syndrome 
with both autosomal recessive and dominant inheritance. WS causes skin and iris pig-
mentation accumulation and sensorineural hearing loss, in varying degrees. There are 
four WS types with different characteristics. WS1 and WS2 are the most common 
and have a dominant inheritance. WS2 is caused by mutations in the microphthalmia-
associated transcription factor (MITF) gene.
Methods: An Iranian couple with hearing loss was recruited in the present study. First, 
they were screened for GJB2 and GJB6 gene mutations, and then whole-exome se-
quencing 100X was performed along with bioinformatics analysis.
Results: A novel pathogenic heterozygous mutation, c.425T>A; p.L142Ter, was de-
tected in the MITF gene's exon 4. Bioinformatics analysis predicted c.425T>A; 
p.L142Ter as a possible pathogenic variation. It appears that the mutated transcript 
level declines through nonsense-mediated decay. It probably created a significantly 
truncated protein and lost conserved and functional domains like basic helix-loop-
helix-zipper proteins. Besides, the variant was utterly co-segregated with the disease 
within the family.
Conclusions: We investigated an Iranian family with congenital hearing loss and 
identified a novel pathogenic variant c.425T>A; p. L142Ter in the MITF gene related 
to WS2. This variant is a nonsense mutation, probably leading to a premature stop 
codon. Our data may be beneficial in upgrading gene mutation databases and identi-
fying WS2 causes.
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1  |  INTRODUC TION

Waardenburg syndrome (WS) is an autosomal dominantly inherited 
disease characterized by different degrees of sensorineural hear-
ing loss as well as hair, skin, and eye abnormal pigmentation.1–3 WS 
affects an estimated 1 in 40,000 individuals, including two to five 
percent of all congenital hearing loss cases,4,5 and is divided into 
four types from WS1 to WS4. WS is caused during embryonic devel-
opment with mutations in several genes in neural crest cells, which 
have a role in division and migration.6 Six genes (PAX3, MITF, EDN3, 
EDNRB, SOX10, and SNAI2) and two loci (WS2B, WS2C) are involved 
in the WS pathogenesis.7 WS1 and WS2 are the most common types. 
WS1 is caused by a mutation in the PAX3 gene and is characterized 
by dystopia canthorum, while WS2 differs from the other types 
due to the absence of dystopia canthorum caused by mutation in 
the MITF gene. Sensorial hearing loss, progressive hearing loss, and 
heterochromia iridis have been reported in WS2 patients.8 WS3 or 
Waardenburg-Klein syndrome (MIM 148,820) is a more severe pre-
sentation of WS1, involving upper limb irregularities, and WS4 (MIM 
277,580) presents with Hirschsprung disease; meanwhile, both have 
the main WS symptoms.9

Among the four types, WS2 is caused by a mutation in the MITF 
gene. This gene plays a crucial role in melanocyte survival and 
development.10 MITF up-regulates the expression of significant 
melanogenic genes such as tyrosinase (TYR), tyrosinase-related 
protein-1 (TYRP1), and tyrosinase-related protein-2 (TYRP2) by 
binding to the E-box motif (CANNTG) inside the promoter. These 
genes encode enzymes involved in the normal melanin synthesis 
in melanocytes.11,12

Besides, WS2 is the most genetically heterogeneous; hence, 
for diseases with genetic heterogeneity, whole-exome sequencing 
(WES) technologies are useful to analyze the probable pathogenic 
mutation.13,14 Here, we conducted WES to screen all potential gene 
mutations associated with WS and congenital deafness and identi-
fied a novel pathogenic variant in an Iranian family with three mem-
bers diagnosed with WS2.

2  |  MATERIAL S AND METHOD

2.1  |  Clinical evaluation of proband

The proband was the third child of a non-consanguineous marriage, 
and he was a 31-year-old symptomatic man with congenital bilat-
eral hearing loss and premature graying of hair. His mother was a 
healthy 55-year-old woman, and his father was a 63-year-old man 
with premature graying of hair who had died. Also, he had a brother 
with hearing loss, blue eyes, and premature graying of hair who has 
died, and a sister with premature graying of hair as well. The first 
molecular genetic testing for GJB2 and GJB6 genes was performed, 
and no causative genetic variant related to the patient's phenotype 
was detected.

2.2  |  DNA extraction and quality control

The blood sample was collected from the participant for DNA ex-
traction (with the patient's consent). DNA was extracted and puri-
fied from leukocytes with an MG blood genomic mini kit according 
to the manufacturer's instructions. Finally, the DNA purity and 
integrity were assessed using spectrophotometry (Thermo Fisher 
Scientific, Waltham, MA, USA) and agarose gel electrophoresis, 
respectively.

2.3  |  Whole-exome sequencing

A total amount of 1.0 µg extracted genomic DNA was obtained from 
each sample. After employing the extracted genomic DNA as input ma-
terial to prepare the DNA sample, it was examined using the SureSelect 
Human All ExonV6 kit (Agilent Technologies, CA, USA). The genomic 
DNA was fragmented with about 180–280 bp by the hydrodynamic 
shearing system (Covaris, Massachusetts, USA). Then, exonuclease/
polymerase enzymes converted the remaining overhangs into blunt 
ends, and the enzymes were removed. Adapter oligonucleotides 
were ligated following adenylation of the 3′ ends of DNA fragments. 
Selectively, DNA fragments were enriched with ligated adapter mol-
ecules on both ends in a PCR reaction. Captured libraries were enriched 
through a PCR reaction, which adds index tags to samples and prepares 
them for hybridization. Then, the AMPure XP system (Beckman Coulter, 
Beverly, USA) was used to purify products, and Agilent high sensitivity 
DNA assay on the Agilent Bioanalyzer 2100 system was used to quan-
tify them. Finally, the captured library was sequenced on the NovaSeq 
6000 Illumina sequencer with an average coverage of 100X.

2.4  |  Whole-exome sequencing data analysis

For the WES data analysis, first, we evaluated the raw data quality 
using the FastQC and NGS QC toolkits. The quality assessment of 
FASTQ files showed that the number of total reads was 29,977,994 
with 50% GC content. In the next step, the data were filtered by 
removing adapter, contaminating, and low quality reads. The result-
ing high-quality reads (Q > =20: Phred quality score above 20) were 
aligned to the latest human reference genome (GRCh37.p13/hg19) 
using the Burrows-Wheeler Alignment tool (version 0.7.17-r1188).15 
After alignment, the result was stored in sequence alignment map 
(SAM) file format. The Picard tool (Version 2.13.2, http://picard.
sourc​eforge.net/) was used to mark and remove duplicated reads 
and convert the SAM file to the Binary Alignment Map (BAM) for-
mat. In the next step, we performed base quality recalibration of 
the reads using the GATK base quality score recalibration. The vari-
ant calling step was run to investigate single-nucleotide variants and 
small insertions or deletions (indel) using GATK HaplotypeCaller.16 
Then, false-positive variants were filtered out by GATK Variant 
Quality Score Recalibration.17 Parameters essential in filtering, 
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including variants with coverage ≥15, minor allele coverage ≥10, and 
call quality ≥20, were maintained, and other variants were removed. 
In the final analysis step, genetic variants were annotated with the 
ANNOVAR tool using different databases, including dbSNP (https://
www.ncbi.nlm. nih.gov/projects/SNP), OMIM (https://www.omim. 
org), dbNSFP (https://sites.google.com/site/jpopg​en/dbNSFP), and 
population databases. Afterward, the annotated variants were fil-
tered and prioritized according to the minor allele frequency with 
a cutoff value of <0.05 in the 1000 Genomes Project, dbsnp141, 
Exome Aggregation Consortium (ExAC r 0.3.1), and ESP6500AA 
(NHLBI GO Exome Sequencing Project). Finally, the selected vari-
ants were classified according to the ACMG guideline and assigned 
to five categories, including pathogenic, likely pathogenic, VUS, 
likely benign, and benign. The OMIM database and literature were 
used to find the function of the variants and their correlation with 
the disease phenotype and inheritance pattern. The detailed analy-
sis pipeline is schematically presented in Figure 1.

2.5  |  Functional analysis of the detected mutation

The detected variant pathogenicity was evaluated using in silico soft-
ware including the MutationTaster (http://www.mutat​ionta​ster.org/) 
web server. The SWISSMODEL web server (https://swiss​model.expasy.
org/) was used (PDB 4ATI) to predict the wild-type and mutant protein 
structure. The I-Mutant Suite web server (https://b2n.ir/480404) was 
used to estimate the mutant protein stability compared to the typi-
cal structure through predicting ΔΔG. The nonsense-mediated mRNA 
decay (NMD) ESC predictor web server was used to predict whether 
the detected variant would escape NMD (https://nmdpr​edict​ion.shiny​
apps.io/nmdes​cpred​ictor/). Also, the STRING database and the KEGG 

pathway database were used to predict the protein-protein interaction 
and pathway analysis, respectively.

2.6  |  Validation of variants by Sanger sequencing

Sanger sequencing was performed in the proband to validate the 
identified pathogenic variant using WES. Primer pairs (MITF-E4-F: 
AAATCTTAGCCTATGAAAATCC, MITF-E4-R: CTAATGCCCTATCAAAAC​
TGC) were designed for the candidate loci based on the reference 
genomic sequences of the Human Genome from GenBank in NCBI 
through Primer3 (bioinfo.ut.ee/primer3-0.4.0/) and PCR performed 
under the following conditions: initial denaturation at 95°C/4 min, fol-
lowed by 30 cycles of denaturation at 95°C/30 s, annealing at 52°C/30 s, 
elongation at 72°C/45 s, and extension at 72°C/5 min.

3  |  RESULTS

3.1  |  Information of the proband

In the present study, an Iranian deaf couple attempting to conceive 
that was negative for GJB2 and GJB6 gene mutations were recruited, 
and WES was performed for the proband III-3 (Figure 2). The clinical 
information of the patient and his family is summarized in Table 1.

3.2  |  Identification of the MITF gene variant

Following WES filtering along with in silico analysis, a novel patho-
genic mutation, c. 425T>A (NM_000248: p.L142Ter) (Figures  3 

F I G U R E  1 WES analysis pipeline
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and 4, Table 2) was detected in the MITF gene's exon 4. The de-
tected variant was confirmed by Sanger sequencing (Figure  4A). 
According to the ACMG classification, this variant is pathogenic 
and is not reported in population databases, such as ExAC, 1000 

Genomes Project, and gnomAD databases, or literature on WS. 
Bioinformatics analysis showed that this mutation developed a 
premature stop-gain codon in the MITF gene, probably leading 
to loss of protein production. Moreover, in cases with premature 

F I G U R E  2 Pedigree for the Iranian 
family with hearing loss. Proband III-3 
underwent whole-exome sequencing

Phenotype features
Proband 
(III-3)

Father of 
proband (II-1)

Sister of proband 
(III-2)

Brother of 
proband (III-1)

Age 31 63 23 NR*

Hearing loss + + − +

Degree of hearing 
loss

Bilateral − − −

Shape of ear Normal Normal Normal Normal

Blue eye − + − +

Premature graying 
of hair

+ + + +

*NR; not reported.

TA B L E  1 The summary of clinical 
information of patient and his family

F I G U R E  3 The BAM file analysis of the MITF gene by IGV in the proband. This illustration displays an IGV screenshot of a heterozygous 
substitution (c.425T>A) in exon4 of the MITF gene in the proband. Among the total count of 57 (nucleotide) in this position, there are 27 A as 
reference allele and 30 T as an alternative allele. This distribution showed that our new mutation is a heterozygous one
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mRNA escaping from NMD, the produced protein appeared to 
be truncated to 142 amino acids. The SWISSMODEL web server 
showed that this mutation caused a loss of conserved domain like 
bHLHZip (Figures 4C and 5A). Moreover, the NMD prediction web 
server showed that this premature stop codon likely caused NMD 

(Figure  4B). The ΔΔG value was predicted about −2.39  kcal/mol 
using I-Mutant with the reliability index of 9, explaining a large 
decrease in stability for the mutant protein structure. The segre-
gation analysis showed that II-1 and III-1 (Figure 2) were heterozy-
gote for this variation.

F I G U R E  4 Chromatogram, position, and the possible effect of the c. 425T>A; p.L142Ter mutation in the MITF. (A) Confirmation of variant 
with Sanger sequencing, (B) the result of nonsense-mediated mRNA decay prediction in patient 1 by the NMD Esc Predictor Web site, (C) 
Prediction the effect of P. L142Ter mutation on the protein structure and chains using Swiss model. (D) Multi-species conservative analysis 
of MITF showing the highly conserved L142 residue (pointed by the arrow)

Analyzed issue Analyzed results

Summary NMD amino acid sequence changed protein 
features (might be) affected

Alteration (Phys/location) chr3:69990466T>A

Ensembl transcript ID
GenBank transcript ID

ENST00000394351
NM_000248

DNA changes c.425T>A
cDNA.545T>A
g.201881T>A

AA changes L142Ter

Prediction Disease causing

Alteration type single base exchange

PhastConsa  0.93

PhyloPb  0.445

aThe closer the value is to 1; the more probable the nucleotide is conserved.
bThe closer the value is to 0; the more probable the nucleotide is conserved.

TA B L E  2 Prediction the effect of the 
detected variation using MutationTaster
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3.3  |  Functional annotation of the MITF protein

MITF is a 58,795 Da protein with 526aa (Figure  5A). The MITF 
functional annotation by DAVID showed that this protein was ex-
pressed in most human tissues. It mainly has high quantities in 
the uterus, retina, pineal gland, and adipocytes according to the 
(http://biogps.org). The MITF protein has also been detected in 
different diseases like WS2A, Tietz albinism-deafness syndrome, 
melanoma, cutaneous malignant 8, coloboma, osteoporosis, mi-
crophthalmia, macrocephaly, albinism, and deafness. Based on 
InterProScan as a protein domain analysis tool, MITF encodes 
a transcription factor containing both a helix-loop-helix struc-
ture and a leucine zipper. Protein-protein interaction analysis 
by STRING showed that MITF created a network with about ten 
different gene products (Figure 5C). Moreover, according to the 
KEGG database result, this protein plays a role in six different 
pathways with melanogenesis being among the most important 
ones (Figure 5B).

4  |  DISCUSSION

WS is a clinically and genetically heterogeneous disorder. Thus 
far, it has been documented that WS has four subtypes, and many 
genes have been associated with them. In this regard, MITF is the 
WS2A-associated gene characterized by sensorineural hearing loss 
and depigmentation spots, which might occur with or without ocular 
albinism. These characteristics can demonstrate variable expression 
and incomplete penetrance.18 WS type II (WS2; OMIM:193510) is 
the most common type of WS in many populations, inherited with 
an autosomal dominant pattern.19 Also, WS2 has familial and spo-
radic types with a wide variety of phenotypes that allow the study 
of parentage to discern the relationship between genotypes and 
phenotypes.20

Moreover, despite several attempts to clinically distinguish be-
tween WS subtypes through diagnostic criteria, the unusual and 
highly varied expression has restricted the ability to make an ad-
equate diagnosis in individual patients.13 In general populations, 

F I G U R E  5 Schematic illustration of MITF, its pathway, and network. (A) MITF gene encodes a protein (58,795 Da; 526 amino acid) 
with three domains (MiT/TFE_N, bHLH_dom, MiT/TFE_C) (B) MITF as a transcription factor activates the transcription of tyrosinase and 
tyrosinase-related protein 1 (TYRP1), and dopachrome tautomerase (DCT). These enzymes are expressed explicitly in the melanocyte. 
The DCT promoter regulation involves other proteins like CREB and SOX10; and PAX3 that have an inhibitory effect on DCT activation 
by MITF. The MITF promoter is also partially regulated by specific transcription factors such as SOX10, PAX3, LEF-1/TCF, and CREB during 
development. Mutations of the MITF gene can lead to pigmentary and auditory defects. (C) Protein-protein interaction network of MITF

http://biogps.org
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hearing loss and early graying are relatively normal and are not 
specific to WS.14 Accordingly, identifying WS genetic causes should 
be considered an appropriate diagnosis of WS. In this regard, more 
than 70 MITF gene mutations have been reported related to WS2A 
(http://www.hgmd.cf.ac.uk/ac/index.php). However, some pa-
tients have been found to carry none of these common variants. 
With the development of next-generation sequencing, new single-
gene causes are observed to be responsible for WS in some cases. 
Moreover, although several mutations have been known to be asso-
ciated with WS2 in many populations, they have rarely been inves-
tigated in the Iranian population, with only two records published 
on MITF gene mutations. The p.R293Ter variation as a novel and 
pathogenic mutation, located in exon 9, and p.R214Ter as a de novo 
heterozygous variant and recurrent MITF variant in exon 7 are re-
lated to WS2. Herein, we found another novel pathogenic variant, 
called c.425T>A (p. L142Ter), in the MITF gene's exon 4. Therefore, 
our candidate variation is the third reported MITF-associated varia-
tion correlated with WS2 in the Iranian population.

This study surveyed a pedigree with different degrees of hear-
ing loss in the family members. III-4 and III-5 both had congenital 
moderate hearing loss, III1 had profound congenital deafness, and 
III-3 had congenital bilateral hearing loss. Genetics analysis showed 
that all the cases had the c.425T>A; p. L142Ter variant occurring 
with the heterozygous state in the MITF gene. This pathogenic 
variant was novel and was located in a conserved sequence of the 
MITF gene's exon 4, subsequently producing premature mRNA. The 
MITF gene encompasses nine isoforms, all of which have exons 2–9 
in common and encode the functional domain of the transcription 
factor. In this regard, the BHLH domain is encoded by exons 6, 7, 
and 8.21 It has been shown that mRNA shorter than a specified 
length is almost entirely degraded. This mechanism is known as 
nonsense-mediated mRNA decay (NMD).22 Hence, mRNA con-
taining a premature termination codon (PTC) is probably degraded 
through NMD. As for this, NMD is induced if a PTC is placed more 
than 50–55 nucleotides upstream of the exon-exon junction and 
degrades mRNA.23 Hence, NMD causes loss-of-function alleles.24 
Regarding the detected variant in this report, NMD appears to 
have high possibility because the variant was discovered early in 
a long-distance transcript, more than 300 bp upstream of the last 
exon-exon junction in the mRNA transcript. Nevertheless, in cases 
that premature mRNA escapes from NMD, the produced protein 
appears to be truncated to 142 amino acids instead of the wild-
type protein with 442 residues. As a result, the disease can occur 
due to the gain-of-function effects because the truncated protein 
loses conserved and functional domains like bHLHZip. The bHL-
HZip domain is found in MITF. The bHLHZip subfamily carries a 
C-terminal leucine zipper, which significantly lengthens the helix 
2 α-helix of HLH. These proteins attach DNA as the TFE3 homo- 
or heterodimers with the relevant proteins TFEB and TFEC.25 The 
MITF gene, identified as the Class E basic helix-loop-helix protein 
32, is a bHLHZip transcription factor included in neural crest mela-
nocyte development and the pigmented retinal epithelium. It con-
trols genes' expressions that are important in cell differentiation, 

survival, and proliferation. It connects to M-boxes (5′-TCATGTG-3′) 
and E-boxes (5′-CACGTG-3′) located in target gene promoters, in-
cluding BCL2 and TYR. The MITF gene works through tyrosinase to 
control melanin production and is also directly involved in the mo-
lecular hearing process.26 Therefore, we deduced the probability of 
defective tyrosinase transactivation due to the c.425T>A variation 
that deleted MITF recognition sequences within TYR's promoter 
sequence. Hence, such a truncated protein disrupts the MITF gene 
function and ending in the WS2A phenotype.

We investigated the clinical and genetic characteristics of an 
Iranian family with WS2A in a pedigree of an autosomal dominant WS. 
We identified a novel pathogenic variant, c.425T>A; p. L142Ter, in the 
MITF gene. The variant was completely co-segregated with the disease 
phenotype, and all the patients were heterozygote for the variant. This 
variant produced a premature stop codon, which is likely to degrade 
the transcript through the NMD pathway. However, more findings are 
required to confirm the pathogenicity of the detected variant.
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